The data also show that the introduction of a 4,5-dithienyl-imidazole moiety in a bi-or terthiophene oligomer results in, respectively, a 20-fold and a 3-fold increase of the fluorescence quantum yield relative to their oligothiophene counterparts.
Introduction
Organic conjugated polymers are nowadays still the focus of intense research investigations in the field of organic electronics, due to their appealing applications such as electroluminescent devices, sensors, lasers and other semiconductor devices. 1 Organic luminescent compounds, however, still have stability problems and the correlation between structure and fluorescence efficiency is yet far from being satisfactorily understood. While many chromophores have been designed and synthesized, it remains essential to find molecular structures exhibiting high fluorescence and high stability. Thermal and chemical instability of organic materials are considered major factors in the low operation stability under high-temperature conditions. Therefore, approaches for improving the thermal stability of organic molecules, without reducing fluorescence, are needed. [2] [3] [4] In this respect, promising candidates are imidazole derivatives, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] as well as conjugated (oligo)thiophenes. 4, 24 Organic polymeric structures are strongly dependent on marginal factors such as synthetic procedures, film morphology, poor and selective solvent solubilization, etc.
Those have clear influence in the polymer behaviour in the way they change their structural properties thus affecting the emission properties. In parallel with these studies on polymers, oligomeric conjugated systems have been used as a way to obtain more information on the spectroscopic and photophysical properties together with mechanisms of energy transfer.
Thiophene oligomers and polymers are amongst the most well studied group of compounds in conjugated organic materials. 1, 3, 4, 24 However in general, oligo-and polythiophenes display more effective decay pathways than photon emission, such as thermal decay and intersystem-crossing. 25, 26 Synthetic strategies to overcome the low fluorescence quantum yields and improve the emission efficiency of oligo-and polythiophenes include copolymerization with highly fluorescent moieties. 27 It is in this context that we have designed the new 2,4,5-trithienyl-imidazole derivatives.
Triaryl(heteroaryl)-imidazole [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] based chromophores have received increasing attention due to their distinctive linear and nonlinear optical properties and also due to their excellent thermal stability in guest-host systems. Besides their classical applications in medicinal chemistry, 28 2,4,5-triaryl(heteroaryl)-imidazoles play also important roles in materials science due to their optoelectronic properties. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Therefore they have found application as nonlinear optical materials, [5] [6] [7] [8] [9] [10] 13, 18 fluorescent chemosensors, 14, 20 two-photon absorbing molecules 11 and thermally stable luminescent materials for several applications such as OLEDs.
15,22
New material properties can be achieved when new conjugated systems are composed by different heterocyclic nuclei which allow the fine tuning of important physical and/or photophysical properties. As a result of the optical and conductive properties, conjugated materials containing thiophene and imidazole heterocycles have found many applications including those described above.
5-23
Despite all these promising properties for optical applications, only a very few publications concerning the synthesis and characterization of triaryl(heteroaryl)-imidazoles can be found available in the literature. Owing to synthetic difficulties, most of the imidazoles developed so far, namely 2,4,5-triaryl(heteroaryl)-imidazoles, only possess short conjugation pathways (spacers) such as phenyl, thienyl or thiazolyl. [5] [6] [7] [8] [9] [10] 13, 18 Usually the 2,4,5-trisubstituted imidazole derivatives reported in the literature are 2,4,5-triarylimidazoles or 4,5-diarylimidazoles substituted by a thiophene or a thiazole ring at position 2.
Recently, we reported the synthesis and characterization of (oligo)thienyl-and arylthienyl-imidazo-phenanthroline derivatives and it was seen that they exhibited interesting optical properties such as good solvatochromic and nonlinear optical (NLO)
properties, and high thermal stability. 29, 30 In the present work the synthesis and the photophysical characterization of new 2,4,5-tri(oligo)thienylimidazoles was undertaken to gain detailed understanding of the relationship between the structure and its fluorescence properties. It is expected that the use of electron-rich five-membered heteroaromatics such as thiophenes and imidazoles in the conjugation pathway should minimize the distortion of conjugation between the imidazole ring and the aromatic ring at the position 2, thus enhancing conjugation and the charge transport properties along the oligomer backbone. 15 To the best of our knowledge, this is the first report on the synthesis and evaluation of the photophysical properties of 2,4,5-tri(oligo)thienyl-imidazole derivatives. We are aware of only two works reporting the synthesis of 2,4,5-tri-(2-thienyl)-imidazole and no photophysical characterization for this compound was given.
31,32

Experimental Section
The synthesis and physical characterization of the investigated compounds (Scheme 1) are given as supporting information.
All the solvents used were of spectroscopic or equivalent grade. For the absorption and emission experiments in ethanol, the concentrations of the solutions ranged from 110 standard. 33 Fluorescence decays with nanosecond 34 and picosecond 35 time-resolution were measured using home-built time correlated single photon counting (TCSPC) systems described elsewhere. Alternate measurements of the pulse profile at the excitation wavelength and the sample emission were performed until 5×10 3 counts at the maximum were reached. The fluorescence decays were analysed using the modulating functions method of Striker with automatic correction for the photomultiplier "wavelength shift". 36 The experimental setup used to obtain triplet spectra and triplet yields has been described elsewhere. 34, 37 First-order kinetics were observed in all cases for the decay of the lowest triplet state. The triplet molar absorption coefficients ( TT ) were obtained by the energy transfer methods 38 and were determined using naphthalene, ε T = 24500 M -1 cm -1 (415 nm), 39 as triplet energy donor.
The concentrations for the compounds studied were 2×10 -5 M and they were dissolved in 10 -4 M ethanol solution of naphthalene. Details on the experimental procedures and equations used can be found in ref. 37 The intersystem crossing yields for the compounds ( T ) were obtained by comparing the ΔOD at 525 nm of benzene solutions optically matched (at the laser excitation wavelength) of benzophenone (standard) and of the compound has described elsewhere. DFT calculations were carried out by means of the Gaussian03 program 40 and using the Becke's three parameter exchange functional 41 combined with the LYP correlation functional (B3LYP) 42 . The 3-21G* Gaussian atomic basis set was used to optimize the geometry of the ground, S 0 , and lowest lying singlet, S 1 , and triplet, T 1 , states and to compute the electronic structure at the minima found. Optimal geometries were determined on isolated entities in a vacuum and no conformation restrictions were imposed. For the resulting optimized geometries, time dependent DFT (TDDFT) was applied to predict the vertical electronic excitation energies. [43] [44] [45] TDDFT calculations were carried out using the same functional and basis set as those in the previously optimized molecular geometries. For the singlet excited state geometry optimization (S 1 ) the DFT approach was not applied due to the very high computational effort involved in calculating the necessary gradients. In this particular case we have used a
Hartree-Fock based single-excitation restricted configuration interaction (RCIS) 46 method with the 3-21G* basis set to optimize the geometry of the first singlet excited state. Then we used TDDFT to calculate the transition energy between the electronic S 1 and S 0 states from the relaxed S 1 geometry. Molecular orbitals contours were plotted using Molekel 5.3.
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Results
Synthesis. In order to compare the effect of one or two di(2-thienyl) imidazole moieties on the photophysical properties of imidazoles 3-5, as well as the effect of the length and the nature of the -conjugated bridge, formyl-(oligo)thiophenes 1-2 containing one or two formyl groups were used as precursors of (oligo)thienyl-imidazoles 3-5.
Therefore, compounds 3-5 with either thienyl, bithienyl, terthienyl or arylthienyl (substituted with H or alkoxy) linked to the 4,5-di(2-thienyl)-imidazole system, were synthesized in good to excellent yields (67-90%, Table S1 Compound 3a was prepared by us in a 84% yield using only one step, from commercially available reagents, using simple work-up procedures, resulting in good yielding preparation and ease of isolation of these derivative. The synthesis of compound 3a had been reported previously through different synthetic strategies: by heating the corresponding triaryl-2,4-diazapentadienes with a stoichiometric amount of t-BuOK in DMSO in the presence of oxygen followed by reaction with a solution of ammonia in 95% EtOH and ammonium chloride 31 or with liquid ammonia. 32 In the two approaches, the imidazole derivative was obtained in a lower yield after several reaction are shown in Figure 1 . At room temperature the spectra are broad and structureless. In solution, the absorption (band and wavelength maxima) red-shifts with the incremental increase of the thiophene units. Upon decreasing the temperature, an increase in the vibrational structure and a red-shift of the spectra occurs, with changes in absorption maxima ranging from 13 nm (3a) to 24 nm (4), see Table 1 . However, the most dramatic changes in the room vs. the low temperature spectra are observed for the longer thienyl-containing compounds of the two series, 3d and 4, with a clear increment of the vibronic resolution at 77 K. In view of the similar behaviour found for the oligothiophene counterparts, 33 this suggests that the oligothiophene unit dominates the excited state characteristics of these compounds.
<Figure 1> <Table 1>
In Figure 2 the fluorescence emission spectra in solution at 293 K and 77 K are shown.
Upon going from 293 K to 77 K there is a marked increase in the vibrational structure of the spectra, with exception of the simplest member of the series, 3a. Contrary to what was seen in the absorption, in the emission a blue-shift ranging from 3 nm (4) to 33 nm (3c) was observed upon going from 293 K to 77 K. A similar behaviour was previously found for naphthalene end-terminated oligothiophenes which was attributed to the ground-state to which the more planar excited-state (quinoidal-like) deactivates. 52 <Figure 2>
Fluorescence decay times were measured in solution at room temperature and were all seen to be single-exponential in a nanosecond time scale (Table 2) Table 1 and Figure 4 it can be observed the constancy in the T 1 T n wavelength maxima when going from 3b to 3d. In contrast with their analogue counterparts, the -oligothiophenes and the end-substituted cyano-oligothiophenes, 33, 34 (where an increase in the T 1 T n maxima was observed with the number of thiophene units in the oligomer chain) with the first family of the investigated compounds no such trend was observed. This is particularly valid for 3b
and 3d displaying a similar transient triplet-triplet absorption maximum; see Figure 4 and Table 1 . This suggests an identical degree of delocalization of the triplet state of these compounds.
<Figure 4>
The phosphorescence of these compounds in ethanol glasses at 77 K was also investigated and the only case where we were able to detect phosphorescence was with 3a ( Figure 5 ). In this case, a structured emission band with maximum at 523 and 565 nm and a shoulder at 635 nm was observed. The phosphorescence excitation spectra of 3a matched the room temperature absorption spectra with exception of the increased vibrational structure and a shift of 7 nm. The observation of phosphorescence for the shortest member of this series of compounds agrees to what was seen for short thiophene oligomers 33, 34, 53, 54 and also a polythiophene 55 were phosphorescence was In order to get further details on the excited state properties of 3a, the geometries of the singlet (S 1 ) and triplet (T 1 ) states were optimized (see Figure 7) . The calculated excited state geometries show that both for S 1 and T 1 the thienyl units in positions 4,5 of the imidazole ring are slightly out of the plane formed by the 2-(2'-thienyl)imidazole core (by 25º for S 1 and 13º for T 1 ). These results show that, in comparison with the ground state geometry, in the excited state an overall increase in planarization is achieved which is again in agreement with the adoption of a quinoidal structure in the excited state. Also worth noting is the fact that in the geometry of the triplet state, the reduction of the dihedral angle is more pronounced, which again is in agreement with the previously observed delocalization of the triplet excited state.
<Figure 7>
Discussion
The present compounds were introduced in order to gain improved results relative to the oligothiophene counterparts (n's) regarding its potential use in molecular electronics.
In this way the subsequent discussion will be partially focussed on the comparison with the analogs bithiophene (2) and terthiophene (3).
The spectral data on group 1 compounds shows that the incremental addition of thienyl units increases the maxima wavelength of absorption and fluorescence at both room and low temperatures, Table 1 . The same is not valid for the transient triplet-triplet maxima, for which the wavelength maximum only increases from 3a to 3b, then remaining constant with a value of 610 nm, Table 1 Table 1 ).
However, overestimation by 0.2 eV of the lowest excitation energy by TDDFT calculations was reported for sulfur containing compounds and conjugated systems. [57] [58] [59] [60] [61] In this case deviations much below 0.2 eV (from 0.02 eV, 3a, to 0.04 eV, 4) were observed, thus demonstrating a good agreement between the experimental and theoretical data and providing convincing support for the calculated ground-state molecular geometries. It is also noteworthy that the calculated wavelengths and the reduction in the band-gap on going from oligomer 3 to 4 and 5, seen in Figure 6 , reproduces, with good accuracy, the spectral red-shift observed with the increase of the oligomer chain (Table 1 and Figure 1 ).
Also relevant to this discussion is the observation that the absorption wavelength maxima at 293 K for 3a is identical to that of 3 (see Table 1 ) which shows that the thienyl-imidazole unit adds the equivalent of two thiophene units to the π-conjugation path of the S 1 state of these compounds. In the case of 4 and 5 there is a clear increase of the absorption, emission and transient triplet-triplet maxima relative to the 2 and 3
counterparts; the values, depending on the state considered (singlet excited or transient triplet), more closely can be considered to involve four or five thiophene units. 33 The singlet and triplet excited state radiative transitions (fluorescence and phosphorescence) of oligomer 3a were also investigated by means of the TDDFT approach on the previously optimized excited state (S 1 ) and ground-state geometries.
The predicted values 420 nm (S 0 ←S 1 ) and 504 nm (S 0 ←T 1 ) are in good agreement with the experimental values (426 nm and 523 nm respectively, Table 1 ) and once more provide support for the calculated geometries (see Figure 7) .
The photophysical parameters obtained in solution at 293 K and 77 K are presented in Table 2 . Inspection of Table 2 shows that, as a general trend, the radiationless quantum yields ( IC + T ) are the main deactivation pathways of the excited-state of these compounds. The intersystem crossing quantum yields ( T ) values are higher than the fluorescence quantum yields, which is in agreement with the situation observed with the analogues n's 33 where the intersystem crossing process is more efficient than the deactivation radiative channels.
From Table 2 it is possible to observe that the fluorescence quantum yields increases from 3a to 3b then remaining constant (3d). The increase in  F with the number of thienyl units in the oligomer backbone agrees with the general trend observed with the oligothiophenes and its derivatives. 33 However, there is a clear difference in which regards the dominant deactivation process in these compounds when compared with the n's. Indeed it is clear from Table 2 , where the photophysical data in ethanol are presented for the bithiophene (2) and terthiophene ( 3), that the analogues 3b and 3d present much higher  F values and lower  T values. Moreover in the case of 3b and of its ethoxylated derivative (3c) the internal conversion yield represents ~20% of the contribution to the decay process, whereas with 2 this value was found to be negligible, ~0. 33 The introduction of the thienyl-imidazole unit at both ends (, ' positions) of a bithiophene unit (4) decreases one half the  F value relative to the mono substituted 3b, see Table 2 .
Upon cooling (from 293 K to 77 K), the fluorescence quantum yield increases for all the investigated compounds, with exception of 3c. This increase of the  F values is also paralleled with the thiophene oligomers, where an increase of this value is observed, see Table 2 . 33 This was attributed to the conformational degrees of freedom of these oligomers at 293 K, which is reduced at 77 K, thus enhancing the contribution from the radiative decay channel. For 3c a slight decrease in  F was observed upon cooling suggesting that the introduction of the ethoxy group induces that similar conformations are seen in the excited state at 293 K and 77 K. Moreover, comparison between the 3b and 3c oligomers shows that the structural change between them lies in the endsubstituted electron-donor group EtO. A similar behaviour, consequence of similar substitution, was found for bithienyl-benzothiazole derivatives which was also mirrored in its photophysical behaviour ( F at 293 K vs. 77 K). 62 In that situation, for the unsubstituted bithienyl-benzothiazole, the  F value increases when going from 293 K to 77 K while for the end-terminated MeO and EtO-(bithienyl-benzothiazole) a modest decrease in  F was seen when going to 77 K. 62 The increase in  F at 77 K, with the unsubstituted bithienyl-benzothiazole, was explained as a consequence of a reduction of the internal conversion channel due to a decrease in the coupling for the radiationless modes occurring between the S 1 and S 0 states, whereas the decrease in  F [endterminated MeO and EtO-(bithienyl-benzothiazole)] could then be attributed to the structural rigidity induced by the benzothiazole moiety minimizing the conformational changes from 293 K to 77 K.
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It is also worth noting that the fluorescence lifetimes are higher than those found for the corresponding oligothiophenes, 2 and 3, and more closely resemble the values displayed by the longer oligothiophenes, 4-7. 33 With all of the above it can be concluded that the imidazole-thienyl unit acts as an efficient substitute of two or more thienyl units with the additional increment on the values for the emission parameters:  F and  F .
One of the important additional observation regarding the photophysical parameters of these compounds is that their triplet state occupation yield decreases when compared to the analogues 2 and 3. 33 As happens with the fluorescence lifetimes, the  T values more closely resemble those found for the longer oligothiophenes 5 and 6 indicating, once more, that a parallel could be made on the introduction of one (group 1) or two (group 2) thienyl-imidazole units as efficient substituents of two or three thiophene
units.
An emissive triplet state was only found for the shortest member of the family with a low phosphorescence quantum yield ( Ph = 0.009) and a phosphorescence lifetime of 8 μs (see Figure 5B ). Although emission from the triplet state of small oligothiophenes (with n= 1-3) has been reported, 53 no quantum yields of phosphorescence have been presented for these and the sole exception seems to be the cyano , ' terminated thiophene presenting a moderately high phosphorescence yield ( Ph = 0.14), 34 which is two orders of magnitude higher than that found for 3a indicating that, albeit the triplet state of this oligomer is being populated (~51 %), it deactivates mainly through radiationless processes.
Singlet oxygen formation quantum yields,  Δ , were also obtained for the investigated oligothienyl-imidazoles (Table 2 ) and were found, within the experimental error, identical to the triplet intersystem-crossing yields. Indeed, for these oligomers the singlet oxygen formation efficiency (S Δ = Δ / T ) is close to 1, indicating that they sensitize 1 O 2 formation in good yields. These results clearly indicate efficient energy transfer from the oligomers triplet states to the ground-state oxygen.
Finally it is worth comment on the values for the rate constants. From Table 2 Supporting Information Available: Synthesis and characterization and Table S1 listing yields, IR and 1 H NMR spectra and T d data for (oligo)thienyl-imidazoles 3-5.
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